The intrinsic magnetic topological insulators MnBi2X4 (X = Se, Te) are promising candidates in realizing various novel topological states related to symmetry breaking by magnetic order. Although much progress had been made in MnBi2Te4, the study of MnBi2Se4 has been lacking due to the difficulty of material synthesis of the desired trigonal phase. Here, we report the synthesis of multilayer trigonal MnBi2Se4 with alternating-layer molecular beam epitaxy. Atomic-resolution scanning transmission electron microscopy (STEM) and scanning tunneling microscopy (STM) identify a well-ordered multilayer van der Waals (vdW) crystal with septuple-layer base units in agreement with the trigonal structure. Systematic thickness-dependent magnetometry studies illustrate the layered antiferromagnetic ordering as predicted by theory. Angle-resolved photoemission spectroscopy (ARPES) reveals the gapless Dirac-like surface state of MnBi2Se4, which demonstrates that MnBi2Se4 is a topological insulator above the magnetic ordering temperature. These systematic studies show that MnBi2Se4 is a promising candidate for exploring the rich topological phases of layered antiferromagnetic topological insulators.
The realization of novel topological quantum states is strongly correlated to the symmetries of different material systems [1] [2] [3] . In topological insulators (TIs), the existence of time reversal symmetry (TRS) yields a topologically protected gapless surface state distinguished from its gapped bulk states [4] [5] [6] [7] .
Breaking the TRS can lead to the quantum anomalous Hall (QAH) effect with dissipationless chiral edge states [8] [9] [10] [11] [12] , the axion insulator states with quantized magnetoelectric effects [13] [14] [15] , and Majorana fermions (by coupling to superconductors) obeying non-Abelian statistics [16] [17] [18] . Experimentally, the engineering of TRS in TIs has been achieved through doping the TIs with dilute transition metals (Cr, Mn, V etc.) 19 , where both QAH [20] [21] [22] and axion insulator states 23, 24 had been observed at low temperature. However, one drawback of introducing magnetism through dilute doping is that the randomly distributed magnetic dopants can also induce disorder and nonuniformity in the sample, which ultimately limits QAH and axion insulator states from being realized at elevated temperatures 25, 26 .
Consequently, researchers have increasingly focused on exploring intrinsic magnetic topological insulators, where the magnetic elements are ordered within the crystal lattice 14 . Among such systems, MnBi2X4 (X = Se or Te) has garnered substantial attention due to predictions of novel topological phases related to layered antiferromagnetic order [27] [28] [29] [30] . These materials have a layered van der Waals (vdW) structure with covalently-bonded septuple layers (SL) (X-Bi-X-Mn-X-Bi-X) as the base unit ( Fig. 1a) , where a magnetic Mn-X layer can be viewed as inserted into each X-Bi-X-Bi-X layer of a topological insulator. Although there have been experimental reports of axion insulator and QAH insulator phases in MnBi2Te4 31, 32 , progress on topological phases in the selenide-based MnBi2Se4 has been limited by material synthesis. Efforts to synthesize bulk crystals have produced monoclinic MnBi2Se4, its thermodynamically stable phase 33 , as opposed to the desired trigonal structure. In addition, thin film growth has only produced isolated SL within Bi2Se3 34 or at its surface 35, 36 , while the multilayer trigonal MnBi2Se4 needed to realize new topological phases has remained elusive.
Here, we report the epitaxial growth of multilayer trigonal MnBi2Se4 and identify ferromagnetism in the single-SL limit, layered antiferromagnetic ordering in multi-SL films, and the presence of topological surface states. We utilize molecular beam epitaxy (MBE) for the growth of MnBi2Se4 on Al2O3(0001) substrates with alternating layer deposition and targeted growth interrupts 37 . Atomicresolution scanning transmission electron microscopy (STEM) and scanning tunneling microscopy (STM) identify a well-ordered multilayer vdW crystal with SL base units in agreement with the trigonal structure.
The magnetic properties of single-layer and multilayer MnBi2Se4 are measured by superconducting quantum interference device (SQUID) magnetometry. In the single-SL limit, ferromagnetic intralayer coupling with in-plane oriented magnetic moments is observed with SQUID and further confirmed to originate with the Mn atoms (as opposed to impurities) using x-ray magnetic circular dichroism (XMCD).
Layered antiferromagnetic ordering is identified in multilayer MnBi2Se4 by studying the magnetic hysteresis loops and saturation magnetic moment as a function of film thickness. Furthermore, the electronic band structure of MnBi2Se4 is investigated by angle-resolved photoemission spectroscopy (ARPES) and compared with density functional theory (DFT). ARPES measurements of the paramagnetic phase reveals the presence of topological surface states with Dirac dispersion that lie within the bulk bandgap, which demonstrates that MnBi2Se4 is a TI above the magnetic ordering temperature. Our systematic study shows that MnBi2Se4 is a promising candidate for exploring the rich topological phases of layered antiferromagnetic TIs. Epitaxial MnBi2Se4 films are grown on Al2O3(0001) substrates in a Veeco 930 MBE system (see Methods). With the substrate held at 275 °C and under Se flux, we grow layers of MnBi2Se4 following a three-step process for each SL. First, a quintuple layer of Bi2Se3 is grown by depositing the equivalent of two atomic layers of Bi. Next, we deposit a single atomic layer of Mn and then wait for five minutes under Se flux to allow the Mn to diffuse into the underlying Bi2Se3 template layer to form an individual trigonal MnBi2Se4 SL. The reflection high energy electron diffraction (RHEED) images after each step can be found in Fig. S1 and Fig. S2 of the Supplementary Information (SI). This three-step process is repeated to create multilayer MnBi2Se4 to the desired thickness, where sharp and streaky RHEED patterns persist throughout the growth (Fig. 1b ). The samples are capped with ~10 nm amorphous Se before being removed from the MBE chamber for further characterization.
We perform various structural characterizations of the samples to ensure good crystal quality of the material. θ-2θ x-ray diffraction measurements on a 20 SL sample shows a series of peaks that correspond to the MnBi2Se4 (00l) planes (Fig. 1c ). These peaks yield an interplanar spacing of 12.76 Å in the sample, which is distinct from Bi2Se3 or other Mn-Se compounds. The crystal structure of the MBEgrown MnBi2Se4 is further investigated with cross-sectional STEM (see Methods). The high-angle annular dark field (HAADF) image in Figure 1d shows the vdW stacking of SLs of the sample, where the atomic structure of each SL in the zoomed-in image ( Fig. 1e ) agrees very well with the trigonal MnBi2Se4 structure. The STEM measurement also confirms the continuous growth of multilayer MnBi2Se4 SLs, where previous studies only show isolated MnBi2Se4 layers within Bi2Se3 or at its surface 34, 35 . STM measurements on the MnBi2Se4 surface ( DFT calculations predict that MnBi2Se4 is magnetic and the magnetic moments are localized on the Mn atoms 27, 34, 38 . Within the MnBi2Se4 SL, the magnetic moments are ferromagnetically coupled to each other, while between adjacent MnBi2Se4 SLs, the magnetic coupling is antiferromagnetic 27 . In order to understand the magnetism in the MBE-grown films, we start by investigating a single SL of MnBi2Se4. Figure 2a shows the AFM image of a nominally single SL MnBi2Se4 on Al2O3(0001). Despite a few 2 SL islands, the single SL MnBi2Se4 film shows good coverage and uniformity. The height histogram in the inset of Figure 2a shows a predominance of the single layer. We use SQUID magnetometry to study the magnetic properties of the single layer sample at 4 K. Figure 2b compares the magnetization curves of single SL MnBi2Se4 with magnetic field parallel (in-plane, ∥ ) or perpendicular (out-of-plane, ∥ ) to the sample surface. When the magnetic field is swept parallel to the sample surface, a clear switch in magnetization is observed at low magnetic field. This shows that single SL MnBi2Se4 is ferromagnetic, which agrees with the DFT prediction. On the other hand, when the magnetic field is swept perpendicular to the sample surface, a linear magnetization response with applied field is observed instead. The difference in magnetization curves between the in-plane and out-of-plane geometries shows that the magnetic anisotropy of single SL MnBi2Se4 prefers the magnetization to lie within the surface plane. The magnetic properties are further investigated by varying the sample temperature. As shown in Figure 2c , the ferromagnetism becomes weaker as the temperature is increased above 4 K, and transitions to a nonmagnetic state for temperatures above 10 K. A detailed scan of M(T) (Fig. 2c , inset) confirms a Curie temperature, TC, of ~10 K. The origin of the magnetic signal in single SL MnBi2Se4 is investigated by element-specific x-ray magnetic circular dichroism (XMCD) ( Fig. 2d ). Circularly polarized x-rays are incident upon the sample at 30° from grazing, with magnetic field applied parallel to the x-ray beam.
Detection is performed using surface-sensitive total electron yield mode. A difference between left-and right-circularly polarized x-ray absorption is measured at the Mn-L2,3 edges at 8 K and 50 kOe, demonstrating that the observed magnetic signal originates with Mn, ruling out the possibility of substrate impurities as the origin of the SQUID results. The combination of SQUID magnetometry and XMCD measurements establish the ferromagnetic ordering in single SL MnBi2Se4 and show that the material is a monolayer 2D magnet. We note here that similar ferromagnetic ordering had been observed in monolayer MnBi2Se4 grown on Bi2Se3 thin films in previous studies 35 After confirming the ferromagnetic ordering of 1 SL of MnBi2Se4, we study the magnetism in few-layer films to understand the interlayer magnetic coupling. Figure 3 shows the SQUID magnetometry measurement on a 7 SL MnBi2Se4 film. In the low field range, the magnetic behavior of the few-layer MnBi2Se4 film is similar to that of the 1 SL sample. Sweeping in-plane magnetic field produces a clear hysteresis loop, while an out-of-plane magnetic field sweep yields an almost linear response in magnetization ( Fig. 3a ). This further confirms magnetic anisotropy favoring magnetic moments to lie within the film plane. M(H) scans for different temperatures of the 7 SL film (Fig. 3b ) also show a magnetic ordering temperature of ~10 K, similar to the 1 SL sample.
However, while the out-of-plane hysteresis loop appears to close when the external magnetic field is above ~500 Oe ( Fig. 3a , blue curve), the magnetization of the sample has not reached saturation. This behavior is different from the single SL sample. In order to understand this, we measure the magnetic moment (normalized by the sample area) of the 7 SL sample up to high magnetic field ( Fig. 3c ). With increasing field, the net magnetic moment keeps increasing with higher external magnetic field, and eventually saturates at ~25 kOe. The saturation magnetic moment with H > 25 kOe is about six times higher compared to the total moment of the sample when the hysteresis loop closes (~500 Oe). The hysteretic behavior at low magnetic field and the saturation of net magnetic moment at high magnetic field is consistent with the predicted layered antiferromagnetic ordering in MnBi2Se4, as illustrated in Figure 3c . In a layered antiferromagnet at zero field, the magnetization of adjacent layers is antiparallel to each other due to interlayer antiferromagnetic coupling. This results in a zero net magnetic moment when the number of layers is even, and leaving an uncompensated magnetic layer and non-zero net magnetic moment when the number of layers is odd. Under a small magnetic field, the magnetic moments in the 7 SL sample can undergo a 'flip' process, where all the magnetic moments change to the opposite direction. This process maintains the antiferromagnetic coupling between each layer, while aligning the uncompensated net magnetic moment with the external field to minimize the total energy. However, at sufficiently high magnetic field (>25 kOe) all the magnetic moments align parallel (i.e. saturate) when the Zeeman energy overcomes the interlayer antiferromagnetic coupling. In the intermediate field regime, the gradual increase of the magnetization toward saturation, as opposed to an abrupt switching at a particular field (i.e split hysteresis loop) 41, 42 , suggests a spin-flop antiferromagnetic alignment with canted moments lying in the sample plane. Thus, the change of net magnetic moment in the 'flip' process should not exceed the magnetic moment in a single SL because the antiparallel moments cancel and only the uncompensated moments contribute [43] [44] [45] . On the other hand, the saturation magnetic moment should scale linearly with the sample thickness because all moments are parallel.
To confirm this hypothesis, we perform magnetometry measurements on multiple MnBi2Se4 films of different thicknesses. To assess the scaling with thickness, we plot the total magnetic moment (normalized by sample area) for representative samples (Fig. 4a ) and find that the total saturation moment at high field ( ℎ ) increases with sample thickness. This behavior is expected because the magnetic moments are aligned in the saturated state and their quantity increases linearly with film thickness. In order to investigate the thickness dependence of the low field 'flip' process, we quantify the net moment (normalized by sample area) associated with the low field flip ( ) by linear-extrapolation of the closed part of the low field hysteresis loop back to zero magnetic field (inset of Fig. 4a ). Figure 4b summarizes the thickness dependence of showing little variation with film thickness is consistent with a low field antiferromagnetic state with net uncompensated moments or surface ferromagnetism. The red dashed line marks the magnetic moment for 1 SL MnBi2Se4 based on 2.0 B/Mn as determined by the slope in (b). Note:
for the 1 SL sample in (c) is determined using the saturation value at high magnetic field (same method as ℎ ), due to no obvious hysteresis loop observed at low field (see Fig. 2 
(b))
Finally, in order to investigate the electronic and topological properties, we perform ARPES measurements (see Methods) on a 7 SL MBE grown MnBi2Se4 film and compare with DFT calculations (see Methods). The ARPES measurements are performed at 80 K, where the sample is paramagnetically ordered. Simulating the paramagnetic order using DFT calculations is challenging. However, a nonmagnetic case can be a good approximation to capture the key electronic structure at the Γ point of the paramagnetic one, which has been verified in a similar system MnBi2Te4 46 . Thus, we calculate the bands of a nonmagnetic MnBi2Se4 crystal as shown in Figure 5a Figure 5b shows the energy-momentum relation along the M-Γ-M direction measured by ARPES (other cuts are shown in the SI, Fig. S3 ), which agrees well with the DFT calculation. To make a reliable identification of the bulk bands, we overlay the DFT calculation with the experimental data ( Fig. 5c ), where we have taken the second derivative of the ARPES data along the energy axis to improve the contrast of the energy bands. The excellent overlap of the DFT calculation with the experimental spectra provides a confident assignment of the bulk conduction and valence bands.
Based on this assignment of bands, we identify the positions of the conduction band minima (CBM) and valence band maxima (VBM) in the ARPES spectra. The existence of a Dirac-like surface state in nonmagnetic MnBi2Se4 is clearly observed in zoomed-in ARPES spectra (Fig. 5e) , where the linearly dispersing bands are connecting the CBM and VBM of MnBi2Se4. To investigate the nature of these surface states, we perform DFT calculations on a semi-infinite slab. The calculation confirms the presence of a topological surface state with Dirac dispersion (red lines in Fig. 5d ) in addition to the bulk states, which appear as the solid red regions of Figure 5d when projected onto the (001) plane. To investigate the surface state in the experimental data, we plot the momentum distribution curves for a series of energies that traverse the bulk band gap (Fig. 5f ).
We observe a crossing of the local maxima (indicated by the blue triangles) which signifies the Dirac point and confirms the gapless nature of the surface state within our energy resolution.
In conclusion, we have developed the MBE synthesis of multilayer trigonal MnBi2Se4. STEM and STM imaging confirm the high quality of the material and identify the atomic-scale structure of the septuple layer -the building block of the van der Waals crystal. Magnetic measurements indicate that the single layer MnBi2Se4 is a monolayer 2D ferromagnet with a Curie temperature of ~10 K, while multilayer MnBi2Se4 is a layered antiferromagnet. This layer-dependent magnetic character of MnBi2Se4 is also consistent with our DFT studies. ARPES measurements and DFT calculations confirm the presence of a topological Dirac surface state, which shows that MnBi2Se4 in the paramagnetic state is a topological insulator.
With the realization of this high-quality magnetic TI we expect several interesting directions for future research in van der Waals heterostructures. In the normal state, magnetic TI/TI heterostructures could enable peculiar tunneling planar Hall effect, which attains its maximum signal for the in-plane magnetization along the current direction, when the usual planar and other Hall effect vanish 47, 48 . In the superconducting heterostructures, such magnetic TIs could provide both magnetic proximity effects and synthetic spin-orbit coupling through magnetic textures to support spin-triplet superconductivity, an important element for superconducting spintronics 49, 50 and tunable Majorana bound states 48, 51, 52 .
Methods

Molecular beam epitaxy.
Epitaxial growth is performed in a Veeco 930 MBE chamber. Al2O3(0001) substrates (MTI Corporation) are annealed in air at 1000 °C for 3 hours then annealed under ultrahigh vacuum (UHV) at 600 °C for 30 minutes. Films are grown using elemental Mn (99.98%, Alfa Aesar) and
Bi (99.998%, Alfa Aesar) deposited from effusion cells and Se (99.999%, Alfa Aesar) deposited from a valved cracker (900 °C in cracking zone, 290 °C in the bulk zone). Typical growth rates are 2.5 Å/min for Mn and 1.7 Å/min for Bi, while the Se flux is maintained at overpressure (~1 x 10 -6 torr) with flux ratios of ~100 for Se:Mn and Se:Bi as measured by the beam flux monitor (ion gauge). Similar to Levy et al. 53 , we initiate the growth with a submonolayer amorphous Bi2Se3 layer at 140 °C, then re-evaporate the layer at 360 °C prior to the MnBi2Se4 film growth. This procedure helps to reduce the formation of twinningdomains and increases the surface smoothness of the MnBi2Se4 film. After growth, the sample is capped with 10 nm amorphous Se to preserve the sample as it is transferred to measurement systems.
Scanning transmission electron microscopy. Cross-section TEM specimens of MnBi2Se4 were made using focused ion beam (Thermofisher Helios), which were subsequently cleaned using a low energy ion mill (Fischione Nanomill) with the beam energy of 500 eV. STEM was performed using a Thermofisher Titan STEM operated at 300 kV. Atomic resolution high angle annular dark field (HAADF) images were acquired at the scattering range between 80 and 300 mrad, where the scattering intensity mostly depends on the Z-number of the atoms. X-ray magnetic circular dichroism. The 1 SL film was capped with a thin (~3 nm) layer of amorphous Se to prevent oxidation and transported to beamline 4-ID-C of the Advanced Photon Source (APS). The sample was mounted and its surface contacted using silver paint. XMCD measurements were performed at the LHe cryostat's base temperature of 8 K, as measured by a thermocouple close to the sample. A magnetic field of 50 kOe was applied parallel to the beam, and x-rays were incident upon the sample at 30° from grazing incidence (60° from normal). X-ray absorption spectra (XAS) were gathered in surfacesensitive total electron yield detection, using positive and negative polarizations, and with positive and negative fields. Spectra were normalized to the incident beam intensity, measured with a gold mesh just upstream of the magnet chamber, and energy calibration was performed using a portion of the beam split off onto a MnO standard. A linear background was subtracted from the XAS spectra, and the pre-edge to post-edge step scaled to 1, to account for transitions into the continuum. XMCD was calculated as the difference between matched pairs (fixed polarization, switched field and switched polarization, fixed field) to ensure proper correction of incident beam effects.
Angle-resolved photoemission spectroscopy. The 7 SL MnBi2Se4 film is transported in an air-tight container under inert gas (N2) to the Microscopic and Electronic Structure Observatory (MAESTRO) at the Advanced Light Source (ALS). The sample is the loaded into UHV and given a mild anneal (~420 K) to remove the amorphous Se capping layer and then transferred into the microARPES endstation where it is cooled to ~80 K. The focused synchrotron beam has a spot size on the order of 10 μm for photon energy of 20 eV used to obtain the data seen in Figure 5 . Photoemission spectra are collected using a Scienta R4000 electron analyzer equipped with custom-built deflectors that allow spectra over the first Brillouin zone to be taken on a single spot without moving the sample.
Density functional theory. The electronic band structures of MnBi2Se4 crystal were computed using the general potential linearized augmented plane-wave (LAPW) method 54 as implemented in the WIEN2K code 55 . Spin-orbit coupling is included as a second vibrational step using scalar-relativistic eigenfunctions as the basis after the initial calculation is converged to self-consistency. The lattice structure of MnBi2Se4 adopted in the calculations is shown in Figure S4a 
Evolution of RHEED images during MnBi2Se4 growth
The RHEED patterns seen in Figure 1b of the main paper were taken in situ with a standard RHEED system from STAIB Instruments. Figure S1 shows RHEED pattern images captured after each growth stage for the first three septuple layers (SLs). Each panel is labeled with a number and letter to indicate the growth layer and growth step respectively. As shown in the figure, letter "A" denotes an image taken immediately after the deposition of two atomic layers of Bi with the Se shutter open, called step A. Letter "B" labels images taken immediately after the deposition of one atomic layer of Mn also under Se flux, known as step B. Finally, letter "C" indicates images taken after the designed growth interrupt with Se flux, called step C.
Intensity line cuts of RHEED images from step A and step C of each layer and can be seen on the right side of Figure S1 . These profiles show that the spacing of the RHEED streaks, denoted by Δ, changes after the first and last steps of the growth. It can be seen that the Δ measured after the designed growth interrupt (step C) is larger than the Δ measured immediately after the deposition of Bi (step A) at each septuple layer. This Δ was measured after steps A and C for the first five SLs of a growth and analyzed in Figure S2 . Each point in Figure S2 is a calculated percent difference between the initial 2 AL of Bi deposited for the first SL (labeled 1A in Figure S1 ) and the growth step being analyzed. Red dots indicate RHEED spacing measured after step A of a given SL growth while blue dots represent the spacing measured after the completion of a full SL. Note that for each SL, the Δ measured after step A is smaller than the Δ measured after step C. This indicates the formation of Bi2Se3 after each A step, and then a transition into MnBi2Se4 upon completion of all growth stages. In situ analysis of this spacing is an early indication of successful growth of MnBi2Se4 SLs. Also note that the initial 2 AL of Bi (step 1A) compared to the spacing measured after the completion of the first SL (step 1C) gives a percent difference of ~2.5%. This agrees well with the percent difference Figure S1 . RHEED evolution of MnBi2Se4 growth. RHEED patterns taken along the [1120] direction after each step of the growth process for the first three septuple layers of MnBi2Se4 growth. Each panel is given a label with the number indicating the septuple layer in progress and the letter indicating which step the growth process is at as described in the text. The graphs to the right of the image display intensity profiles for the first and last growth step of each septuple layer. between the accepted value of the Bi2Se3 in-plane lattice constant of 4.14 Å and the measured MnBi2Se4 lattice constant of 4.0 Å. Figure S4a shows the atomic positions within the unit cell (black rectangle) used for the DFT calculations of MnBi2Se4. Figure S4b indicates the locations of the high symmetry points in the bulk and (001) surface Brilliouin zones. The high symmetry points used in Figure 5 of the main text are indicated here.
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Unit cell and Brillouin zone of MnBi2Se4
